Leprosy is the oldest known human chronic infectious disease and is caused by Mycobacterium leprae (Hastings & Opromolla 1994 , Mendonça et al. 2008 . It is the leading infectious cause of motor disability. Despite the significant decrease in its prevalence over the past 50 years, its transmission continues and leprosy remains a major public health problem in developing countries (Rodrigues & Lockwood 2011) .
Leprosy is characterised by chronic granulomatous inflammation of the skin and peripheral nerves and the clinical presentation differs according to the type of adaptive immune response developed by the host (Rodrigues & Lockwood 2011) . The immunopathogenesis of leprosy is primarily due to interaction among subsets of T cells, antigen-presenting cells and M. leprae antigens, generating a clinicopathologic spectrum categorised according to the Ridley-Jopling criteria, which are based on skin lesions and bacterial load (Ridley & Jopling 1962) . Tuberculoid disease displays few lesions with no detectable mycobacteria and is the result of enhanced cell-mediated immunity with a predominant T-helper (Th)1 immune response characterised by increased release of interferon (IFN)-γ, interleukin (IL)-2, tumour necrosis factor (TNF)-α and lymphotoxin-α, intense phagocytic activity and granuloma development with CD4 + lymphocyte infiltration (Modlin 1994 , Spellberg & Edwards Jr 2001 . Alternatively, lepromatous leprosy patients (LL) have multiple lesions with varying degrees of bacterial load and the immune response is characterised by diminished cell-mediated immunity with a predominant Th2 immune response, poor granuloma formation associated with high levels of IL-4, IL-5 and IL-10 and a preponderance of CD8 + lymphocytes in the lesions (Modlin 1994 , Spellberg & Edwards Jr 2001 . Between these two poles are borderline leprosy types, in which patients have multiple lesions and unstable immunity.
Despite advances in the understanding of the pathogenesis of leprosy and the development of new therapeutic strategies, there is a need for the identification and/or validation of biomarkers that can be used for early diagnosis, for discrimination between different forms of the disease and, moreover, as prognostic markers (Spencer et al. 2012) . In this scenario, considering the diversity of the clinical forms of leprosy and that the outcome of infection appears to depend on the predominant T lymphocyte subpopulation and when and how a certain cytokine is produced (Scollard et al. 2006a TNF-α, a cytokine released by several cell types, although primarily by macrophages, is considered to be essential for protective immunity and plays a role in granuloma formation. TNF-α has also been shown to be an important tissue damage mediator in the absence of regulatory factors (Kindler et al. 1989 ). TNF-α-induced biological activities are mediated by two structurally related, but functionally distinct receptors: TNF-R1 (55 kDa) and TNF-R2 (75 kDa). TNF-R1 is expressed by all cell types, whereas TNF-R2 is primarily expressed by T and B lymphocytes, endothelial cells and myeloid cells. Both receptors can be cleaved at the cell surface and released as soluble forms into the circulation (sTNF-R1 and sTNF-R2) (Aderka et al. 1992 , Aderka 1996 . The homeostatic relationships between cytokines and their natural inhibitors play an important role in the pathogenesis of acute and chronic inflammatory diseases. The soluble forms of the receptors compete with the cell surface receptors for "free" TNF-α. Therefore, they can act to antagonise the effects of the cytokine, as carriers of TNF-α through different compartments or as cytokine stabilisers extending the TNF-α half-life (Aderka et al. 1992 , Aderka 1996 , Corvino et al. 2007 . It has been reported that serum levels of sTNF-R1 and sTNF-R2 may have predictive value for the clinical severity of infectious diseases such as malaria, tuberculosis and bacterial endocarditis (Modlin et al. 1988 , Kern et al. 1993 , Keuter et al. 1994 , Munk et al. 1999 .
The serum levels of cytokines, cytokine receptors, cell activation markers and anti-phenolic glycolipid-1 antibodies have been investigated across the leprosy spectrum and reaction types (Moubasher et al. 1998a , Faber et al. 2004 , Silva et al. 2007 ). To our knowledge, only one study has assessed the serum levels of sTNF-R1 and sTNF-R2 in leprosy, but they were assessed during the investigation of markers for reversal reactions, not during multidrug therapy (MDT) (Faber et al. 2004) .
In this study, we investigated whether TNF-α and its soluble receptors can be regarded as biomarkers for monitoring leprosy patients during MDT. With modification of the pro-inflammatory status of leprosy patients during MDT, changes in the serum levels of different mediators, such as TNF-α and sTNFRs, are also expected.
PATIENTS, MATERIALS AND METHODS
Patients -This was an exploratory, descriptive, longitudinal study, including 37 new leprosy cases followed throughout MDT and 30 non-infected individuals (NI) from an endemic area. This study was conducted at the Dermatology Day Data collection began after the project was approved by the Committee of Ethics in Research of Eduardo de Menezes Hospital and Santa Casa de Misericórdia, Belo Horizonte. All of the subjects were asked to provide their written informed consent to participate.
The diagnosis and classification of leprosy were based on a clinical assessment including a detailed history, careful medical and dermatological examinations and detection of acid-fast bacilli in skin-slit smears.
Only patients who showed a positive response to treatment with complete clinical remission were included in this study, preventing any confounding effect due to a lack of response to treatment. No recruited patient developed leprosy reactions during the treatment follow-up.
The following variables were assessed: sex, age, number of skin and nerve lesions, bacilloscopy, ML Flow serology and the Operational Criteria of the World Health Organization (WHO 1997 (WHO , 1998 . Serum samples were used to measure the levels of TNF-α and sTNF-R1 and sTNF-R2. In cases of leprosy, blood collection was performed three times (pretreatment with MDT, 2nd dose and post-MDT); in the healthy controls, blood was collected only once. Fewer patients underwent peripheral blood collection at the second dose than at the pre and post-treatment time points due to non-attendance rate of 42%.
Determination of TNF-α, sTNF-R1 and sTNF-R2
levels in the serum -After blood centrifugation, the serum was collected and stored at -80ºC until analysis. As routinely performed in our laboratory, serum levels of TNF-α, sTNF-R1 and sTNF-R2 were measured by sandwich ELISA following the protocol provided by the manufacturer (R&D Systems, Minneapolis, MS, USA) (Alessandri et al. 2006 , Barbosa et al. 2011 . All samples were assessed in duplicate. The results were expressed in pg/mL. The intra-assay variability and inter-assay variability were below 10%. The detection limits for these assays were 3 pg/mL for TNF-α and 5 pg/mL for sTNF-R1 and sTNF-R2.
Statistical analysis -For data analyses, the following methods were used: measures of central tendency and variability, the Mann-Whitney U test for the comparison of TNF-α, sTNF-R1 and sTNF-R2 levels between the patients (pre-MDT) and controls, the Wilcoxon test for comparing the molecule levels pre-MDT and in other stages and the generalised linear model (Pisa et al. 1990 ) for repeated measures with three factors (F test), comparing the kinetics of the molecule levels throughout treatment. In addition, receiver operating characteristic (ROC) curves (van der Schouw et al. 1992) were calculated to define the best cut-off point for the prediction of a positive leprosy case. Statistical significance was set at p < 0.05.
RESULTS
Demographic and clinical features -The clinical features of the 37 leprosy patients enrolled in this study are presented in Table. The control group (NI) was composed of 30 NI from the endemic area, matched by age and sex [median age, years (range): 46.5 (26-75) ; sex M/F: 17/13].
Adult males approximately 50 years old represent the majority of the leprosy patients (54.1%). The patients were classified according to the WHO Operational Criteria. Thirty-three patients (89.2%) were classified as multibacillary and four as paucibacillary. Thirty-one cases (83.8%) showed more than five cutaneous lesions with more than one peripheral nerve affected.
Changes in TNF-α, sTNF-R1 and sTNF-R2 levels during MDT treatment -During the development of leprosy and, moreover, throughout MDT treatment, the levels of critical inflammatory cytokines and their modulators changed. In this regard, the median TNF-α level was approximately 13-fold higher in pre-treatment patients (65 pg/mL) than in control subjects (5 pg/mL). This level diminished in a statistically significant manner after the second dose (~5 pg/mL) and levels comparable to those of the controls were maintained thereafter (Fig. 1) .
As significant changes in the serum levels of TNF-α were observed after treatment, we next analysed the levels of sTNF-R1 and sTNF-R2. The levels of sTNF-R1 did not differ between any of the time points studied (Fig. 2) . However, the sTNF-R2 levels were higher in leprosy patients (median of 2,359 pg/mL) when compared with the uninfected control group (median of 1,940 pg/mL) (Fig.  3) . After the second MDT dose, there was a significant increase in sTNF-R2 levels (median of 2,738 pg/mL), which remained elevated after treatment (Fig. 3 ). To better characterise the involvement of sTNF-R2 during leprosy treatment, we used a generalised linear model for repeated measures with three factors (F test) to compare the kinetics of this molecule throughout treatment. The results confirmed that the levels of sTNF-R2 increased after the second MDT dose and remained elevated after treatment.
To assess the potential of these molecules as biomarkers of leprosy diagnosis, we performed ROC curve analyses for both TNF-α and sTNF-R2. The ROC curve indicated that TNF-α had a moderate power for the prediction of a positive leprosy diagnosis. A cut-off point of 2.5 pg/mL had 89.2% sensitivity and 70% specificity for the probability of a positive diagnosis. Similarly, the ROC curve for sTNF-R2 showed a moderate correlation with the diagnosis of a positive leprosy case. A cut-off point of 2,096 pg/mL had 78.4% sensitivity and 57% specificity for the probability of a positive diagnosis.
DISCUSSION
During M. leprae infection, the levels of TNF-α must be controlled to maintain the balance between a pro-inflammatory protective status and an immune-mediated processes capable of inducing skin and neural damage. Indeed the production of TNF-α in response to M. leprae infection appears to contribute to the development of skin and nerve damage (Scollard et al. 2006b , Hernandez et al. 2011 . In this scenario, we hypothesised that the level(s) of TNF-α and/or its receptors (sTNF-R1 and sTNF-R2) could be regarded as molecular markers of the disease. We showed here that the levels of TNF-α and sTNF-R2 were upregulated in leprosy and that the levels of TNF-α diminished with treatment. Moreover, these two molecules could be used as biomarkers of leprosy diagnosis.
TNF-α plays a central role in initiating and regulating the cytokine cascade during an inflammatory response. This cytokine is produced as a membrane-bound precursor molecule of 26 kDa that is cleaved by the TNF-α-converting enzyme to produce a 17-kDa active cytokine (Rubio-Perez & Morillas-Ruiz 2012). In mycobacterial infections, TNF-α is crucial for pathogen control and for modulating the immune response. For instance, the suppression of TNF-α is associated with the reactivation of latent tuberculosis (Keane et al. 2001) . In leprosy, the pro-inflammatory cytokine TNF-α has been detected in skin lesions across the clinical spectrum of the disease and appears to play an important role in granuloma formation, being crucial to the development of anti-mycobacterial immunity (Kindler et al. 1989 , Hirsch et al. 1994 , Saunders & Cooper 2000 . TNF-α has also been detected in biopsies taken from leprosy patients with reactional skin lesions, including both leprosy type 1 reactions and erythema nodosum (ENL) (Saunders & Cooper 2000 . In this sense, it has been suggested that TNF-α also plays a key role in tissue damage in leprosy.
Here, we showed a statistically significant difference in the serum levels of TNF-α between leprosy patients and NI controls. This finding is consistent with previous studies involving non-treated leprosy patients (Moubasher et al. 1998a ). However, according to Sarno et al. (1991) , the results of studies examining TNF-α levels in the serum of leprosy patients have often been controversial. For instance, using ELISA, Pisa et al. (1990) identified higher TNF-α levels in the serum of multibacillary patients than in paucibacillary patients. Conversely, Silva and Foss (1989) conducted a cytotoxicity bioassay and found that 75% of tuberculoid patients (TT) showed increased TNF-α levels, which ranged from 280-340 U/mL, whereas the levels in all the examined LL patients were considered to be within the normal limits (< 60 U/mL). These authors also demonstrated higher TNF-α levels in the serum and supernatants of peripheral blood mononuclear cell cultures from TT when compared with LL subjects. In the present study, we also demonstrated that circulating TNF-α levels decreased throughout MDT, indicating that the decline of this inflammatory cytokine occurs in parallel with effective anti-leprosy treatment.
Several studies have investigated blood-based biomarkers, including TNF-α, for the diagnosis of leprosy infection and to monitor treatment efficacy and reactions. For instance, TNF-α concentrations have been shown to decrease with corticosteroid treatment and parallel clinical improvement in leprosy patients with ENL ). Another study found that the TNF-α serum levels were increased in leprosy patients with a reversal reaction even after the completion of prednisone treatment, suggesting persistent immune activity (Faber et al. 2004) . In this scenario of mixed results, it has been difficult to define specific biomarkers for leprosy. Furthermore, we suggest that the applicability of the serial measurement of cytokines such as TNF-α as a leprosy biomarker is limited, as these markers do not appear to be specific to the disease.
Our study also found increased serum levels of sT-NFR-2 in pre-treatment leprosy patients in comparison with NI controls. This result was expected because patients demonstrated higher levels of TNF-α and soluble TNF receptors act to control the bioavailability of this cytokine (Aderka 1996) . Moreover, this finding corroborates the results described in cases of pulmonary tuberculosis, which similar to leprosy, is a mycobacterial disease associated with granuloma formation. It has been reported that the levels of sTNF-R1 and sTNF-R2 are elevated at diagnosis and reach control levels after four-six months of anti-tuberculosis treatment (Munk et al. 1999 , Alessandri et al. 2006 .
Interestingly, sTNF-R2 levels increased after the second dose of MDT and remained elevated even after the completion of treatment. These receptors can act as TNF-α antagonists; TNF-α carriers, stabilisers of TNF-α activity, prolonging its half-life and TNF-α "buffers", inhibiting the effects of elevated TNF-α concentrations (Aderka 1996) . Our results suggest that throughout treatment, a progressive decrease occurs in the inflammatory status of leprosy patients, which is in agreement with previous studies reporting decreases in pro-inflammatory cytokines and chemokines such as IL-1β (Moubasher et al. 1998b) , IFN-γ, TNF-α (Madan et al. 2011 ) CXCL10/IP10 and CXCL11/eotaxin (Rawat et al. 2013 ) in leprosy and other mycobacterial infections following treatment.
The general limitations of this study include the loss of patients during follow-up, which prevented sample collection at all stages of MDT, the absence of Fig. 2 : serum levels of soluble tumour necrosis factor 1 (sTNFR1) from leprosy patients in different time points along multidrug therapy (MDT). Traces represent median values. NI: non-infected subjects; Post: Mycobacterium leprae infected subjects after treatment; Pre: M. leprae infected subjects before treatment; second dose: M. leprae infected subjects after second dose of MDT. Fig. 3 : serum levels of soluble tumour necrosis factor 2 (sTNFR2) from leprosy patients in different time points along multidrug therapy (MDT). Traces represent median values. NI: non-infected subjects; Post: Mycobacterium leprae infected subjects after treatment; Pre: M. leprae infected subjects before treatment; second dose: M. leprae infected subjects after second dose of MDT; *: p ≤ 0.05 between NI and Pre, second dose and Post; #: p ≤ 0.05 between pre and second dose.
the Ridley-Jopling classification, the lack of control of patient-related factors, such as genetic factors and nutritional status, the classification of patients based solely on clinical parameters and, finally, the small number of molecules analysed, limiting our ability to establish a proper association between leprosy treatment and inflammatory status.
In conclusion, this study is the first to demonstrate modulation of the levels of TNF-α and its soluble receptors, primarily sTNFR2, during MDT in leprosy. In this context, sTNF-R2 could be acting as a "buffer" or an antagonist of TNF-α. More importantly, we also showed that molecules in this inflammatory pathway, e.g., TNF-α and sTNFR-2, are markers for leprosy diagnosis and treatment. Nevertheless, TNF-α and sTNFR-2 are involved in several inflammatory conditions, compromising their specificity. However, they should be regarded as candidate molecules for composing a bloodbased biomarker panel for leprosy, a tenet that must be confirmed in future studies.
